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Given the declining state of the natural environment, identifying green methodologies in
synthetic chemistry is becoming paramount. An under explored area of green chemistry, is the
use of catalytic systems in green solvents. One interesting concept in green chemistry is the use
of N-Heterocyclic Carbenes (NHCs) as organocatalysts.
Thiamine or vitamin B1 was one of the first NHCs recognized. Thiamine is required for
carbohydrate metabolism and helps the cell produce adenosine triphosphate (ATP). Over the last
20 years NHCs have been found to be efficient catalysts in carbon-carbon bond forming
reactions.
But to date, little research has been done exploring the use of NHCs in unconventional
solvent systems. Typical solvents of choice for reactions involving a homoenolate anion with a
Michael acceptor include dichloromethane, tetrahydrofuran or alcohols. Investigations into
reactions regarding homoenolate anions with a Michael acceptor in newer green solvents has
received little to no attention. I will show the formation of cyclic compounds, most notably
γ-butyrolactone(GBL) rings using water as a solvent.
Characterization of lactone products will be completed by advanced computational
methods using Gaussian View software suite. The optimized geometries of lactones are obtained
from density functional theory(DFT) calculations; at B3YLP/6-31G + (d, p) level of theory.
Since the parent lactone structure GBL shows bio-activity and has been used as a
recreational street drug, further characterization will include a toxicology report.
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CHAPTER 1
INTRODUCTION
Background of N-Heterocyclic Carbenes
Nature provides many excellent examples of catalytic cycles. One such example is the
coenzyme Thiamine or vitamin B1. As a naturally occurring thiazolium salt, Thiamine acts as a
carbene catalyst for nucleophilic acylation reactions involving biological processes. Thiamine
works by nucleophilic attack on the carbonyl carbon of pyruvate, forming a covalent adduct and
releasing carbon dioxide in the process. The release of carbon dioxide results in a resonance
stabilized carbanion; protonation of the carbanion leads to the elimination of the thiamine
catalyst and release of acetaldehyde.1
Nucleophilic carbenes were isolated and stabilized as early as 1988, 2,3 since their
inception, nucleophilic heterocyclic carbenes(NHCs) have received considerable attention within
the chemical community due to their potential use as catalysts in carbon-carbon bond forming
reactions.
Furthering the investigation into efficient chemical transformations, organocatalytic
processes have received considerable attention. Besides helping overcome the initial energy
barrier in chemical reactions. Catalysts can also provide or direct favorable stereo and
chemoselective outcomes, in conjunction with environmentally friendly pathways.

Figure 1.1.1 Thiamine1
1

When catalysts are employed, new synthetic strategies open, especially when the
inversion of classical reactivity(Umpolung) is considered. 4 The biologically active molecule,
Thiamine utilizes a variant of the umpolung theme. 1
NHCs belong to one of the most studied chemically reactive species within the field of
organic chemistry. Structurally speaking all carbenes are neutral and possess a bivalent carbon
atom containing six valence electrons. Due to their pronounced reactive manner, NHCs were not
synthesized or considered stable enough for use in controlled reactions.5,6 Until their isolation in
the late 1980s and early 1990s, NHCs were considered intermediates within a reaction scheme.
The seminal work of stabilizing and isolating NHCs by Bertrand and his team as well as
Arduengo et al has opened broad applications of NHCs in synthetic methodology.1,2 NHCs have
since been found to be efficient catalysts for asymmetric, crossed and intramolecular reactions
based on the benzoin mechanism, they have also been employed for use in the Stetter reaction,
including inter and intramolecular variants. NHCs have also catalyzed cross-condensation
reactions involving enals, aldehydes and imines. 7 Because of their ability to act as neutral two
electron-donors, NHCs are excellent ligands in transition-metal based catalytic reactions. This
feature of NHCs to act as ligands, makes them almost ubiquitous for transition metals, thus
spanning the periodic table while impacting a plethora of transformations. 5
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NHCs as Catalysts
One of the earliest and perhaps must studied reaction involving NHCs as organic
catalysts is the benzoin reaction. The formation of the final benzoin product relies on the
conversion of an aldehyde carbon from an electrophile to a nucleophile. The newly produced
nucleophile or acyl-anion is now able to couple with another aldehyde equivalent to yield the
anticipated product. This reversal of reactivity has come to be known as “umpolung”
reactivity.4,8 This important feature of NHCs to impart umpolung reactivity to carbonyl
containing compounds, in the form of nucleophilic homoenolates9 and enolates10, has opened
pathways to a substantial number of nucleophilic addition reactions with a variety of
electrophilic partners.
A lot of time and effort has been spent by many research groups to characterize the
mechanism of the NHC-catalyzed benzoin reaction. It is widely believed to begin with the initial
addition of the carbene catalyst to the starting aldehyde partner followed by a proton transfer to
give the neutral enaminol. This acyl-anion equivalent was first proposed by Dr. Ronald Breslow
and has since been referred to as the Breslow intermediate. 1 The significance of this intermediate
lies in its anionic or nucleophilic character, making it the reactive species that joins with the
electrophilic partner.4,8-10

Figure 1.2.1 Acyl-anion formation21
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This characteristic of NHCs to generate nucleophilic acyl-anion equivalents has resulted
in organocatalytic access to reaction sets that include annulation or ring forming reactions,
acyclic product formation, the aforementioned benzoin reaction, Stetter, Michael and Claisen
rearrangements.11
Some of the more common NHCs used as organic catalysts are; imidazole-2-ylidenes
(A), imidazolin-2-ylidene (B), triazol-5-ylidenes (C), and thiazol-2-ylidenes (D).

Figure 1.2.2 Common classes of NHCs12

Typically, these catalysts can be added as free carbenes but it is not uncommon to add the
azolium salt precursor. For enantioselective catalysis by NHCs, chiral nonracemic thiazolium
salts are commonly used.12
Recent findings have led to the understanding that homoenolates can be generated from
α, β unsaturated aldehydes via NHC catalysts, thus leading to the discovery of numerous
reactions involving carbon-based electrophiles such as aldehydes, imines, and enones thus
resulting in both ring annulation and acyclic products. 13
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One of the earliest examples of an asymmetric benzoin style condensation reaction was
developed by Sheehan et al, circa 1966, they utilized a thiazolium bromide salt as a precatalyst,
resulting in 52% enantiomeric excess(ee).14 A remarkable achievement for the time but more
work was need to produce yields that were synthetically useful.
Early versions of the benzoin reaction were based on a cyanide catalyst.9 With later work
focused on the use of a thiazolium catalyst in the presence of a base. 7
Over the years, a variety of differently substituted chiral thiazolium salts have been
synthesized and tested for use in asymmetric benzoin type reactions. However, one constant
limitation remained, which is “ee” rarely achieved levels higher than 57%. 15
Clearly, more work was needed to improve “ee” yields. A breakthrough happened when
a 1,2,4 - triazolium salt was synthesized and employed as an efficient chiral system. 15,16 The
research group led by Dr. Dieter Enders with colleagues at BASF16,17 showed results of
asymmetric synthesis giving the benzoin product a 66% yield and a 75% “ee”. Only 1.25 molar
percent catalyst loading was used. The significance of this breakthrough lies in the
understanding that enantioselectivity could be extend to a variety aromatic aldehydes.15-17
Building on this success, a bicyclic chiral triazolium salt was employed for use in an
asymmetric benzoin condensation reaction, with the desired product produced in an 83% yield
with a 90% “ee”.15 Furthering the investigation with various substituents led to the condensation
of different substituted aromatic aldehydes with the corresponding α-hydroxy ketone product
being produced in decent yields with “ee” as high as 95%. The results support the idea that
electron rich aromatic aldehydes are better suited for asymmetric induction at room temperature
than electron deficient or activated aromatic aldehydes.15
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Figure 1.2.3 Bicyclic triazolium salt15

The “ee” results shows that the “S” configuration predominates with use of a chiral
catalyst. The resulting stereochemistry of the product is attributed to a bulky tert-butyl group
shielding the Si face of the Breslow intermediate, thereby leaving the Re face open to
electrophilic attack by the incoming aldehyde, thus leading to the newly formed stereogenic
center having an “S” configuration.15
The significance of improving stereocontrol within a reaction scheme can be found in the
synthesis of fused ring polyacetates which belong to a group of biologically active compounds
that contains tetracyclines18 and angucyclines19. Assembly of these sophisticated molecules
requires not only stereocontrol of key functionalities but also efficient fusion of complex
aromatic scaffolds.18-20
Overcoming these limitations would require a novel facile route to stereochemically
defined products including preanthraquinones20 via a catalytic intramolecular crossed aldehydeketone benzoin reaction.20
Understanding these limitations, Hachisu et al, set out to improve upon the normal
reaction conditions involved in the synthesis of polyacetates. With little precedent for utilizing a
crossed benzoin type reaction, the research group’s focus was on finding an efficient yet regional
controlled synthesis pathway for functionalized polycyclic products.20
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Normal reaction conditions employ the use of a cyanide 9,20 catalyst using ethanol or
dimethylformamide(DMF) as solvents. When ethanol was used as a solvent, no product was
observed, however when DMF was used, yields increased marginally to 22%. Still, the process
required further refinement.20
Considering previous work of NHCs, a commercially available thiazolium catalyst was
employed, with improved results. Progress was ultimately achieved by using tert-butanol as a
solvent in the presence of 1,8-diazabicycloundec-7-ene(DBU) as a base. The choice to use DBU
as a base over tertiary amines proved to be fruitful, as it permitted lower reaction temperatures
while shorting reaction times to about 30 minutes., with yields as high as 95%. An added benefit
of working under these experimental conditions resulted in the production of fewer dimeric
benzoin side products.20
Perhaps the most prudent feature of this methodology was the excellent
distereoselectivity found when using substrates containing multiple stereogenic centers that
provide uniquely functionalized products which can be elaborated further upon the
preanthraquinone ring. Chiral keto-aldehydes yielded tertiary alcohols in a 20:1 distereomeric
ratio.20
It was also observed that acidic and enolizable β-keto esters did not interfere with the
cyclization or lead to elimination of the resulting β-hydroxy ester. This synthetic route also
provided evidence that exocyclic ketones were capable of affording naphthoquinone precursors
in excellent yields.20
A novel approach to the synthesis of stereo defined preanthraquinones was developed
utilizing a crossed aldehyde-ketone benzoin type reaction. This synthetic pathway offers a
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simple, yet efficient means of producing polycyclicquinones with a high degree of regional and
stereoselectivity. This also led to the discovery that ketones could be utilized as electrophiles for
benzoin reactions while opening new stereoselective, catalytic pathways for investigations.15,20
Preanthraquinones, tetracyclines, and angucyclines are a class of compounds with
significant biological importance. These compounds share a common structural moiety
comparable to the fused ring structure of anthracene. These naturally occurring products have
been isolated from a variety of eukaryotes including fungi, plants and insects. Properties found
within this group of biologically active molecules include the use of pigments or dyes as with
preanthraquinones, antibacterial traits found in tetracycline derivatives and anticancer properties
associated with angucyclines.18-20

Figure 1.2.4 Anthraquinone derivatives18
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It was discovered that in the presence of a cyanide catalyst aromatic aldehydes like pchlorobenzaldehyde or benzaldehyde would add to α, β-unsaturated nitriles and ketones yielding
the corresponding γ-oxo nitriles and diketone products, respectively.22 Further refinement of this
reaction pathway led to the expansion of the substrate scope to include aliphatic aldehydes by
using a thiazolium salt catalyst in the presence of tertiary amine bases or sodium acetate. 23,24
Adding aromatic or aliphatic aldehydes across activated double bonds with a nucleophilic
catalyst has become known as the Stetter reaction, after the pioneering work of Dr. Hermann
Stetter, in 1973.22 In part Stetter’s work is based on that of Ukai et al, were they demonstrated
that homodimerization of aldehydes could be catalyzed by thiazolium salts with a base present in
the reaction.25
It is believed that the mechanism follows Breslow’s postulation for the thiamin-catalyzed
benzoin reaction.1 The unifying theme is the umpolung reactivity brought about by the joining of
the nucleophilic catalyst to the electrophilic carbonyl carbon of the aldehyde reaction partner.
This coupling forms a tetrahedral intermediate which is followed by a proton transfer, which
gives the acyl-anion or Breslow intermediate. Subsequent addition to the Michael acceptor
forms a new carbon-carbon bond.23,24
Stetter et al, discovered that when employing thiazolium salts, reaction conditions could
be improved upon. Reaction temperatures were around 30° C, with reaction times between 1 – 4
hours and polar protic solvents such as ethanol could be used.23,24
It was also found that benzoins could be used as substrates since they are formed in a
reversible step during the reaction. Expanding the reaction scope led to the use of α, β –
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unsaturated ketones and aldehydes as substrates. With aliphatic aldehydes producing favorable
yields. Aldehyde substrates could also contain isolated double or triple bonds. 23,24
The Stetter reaction was used to prepare a 1,4-diketone precursor for CI-981, a potent and
tissue-selective inhibitor of hydroxymethylglutaryl-coa(HMG-COA) reductase, that goes by the
trade mark name of Lipitor. This reaction used a thiazolium catalyst to prepare the 1,4-diketone
from p-fluorobenzaldehyde and unsaturated amine.26
Having discussed the role of triazole and thiozole based NHCs as organic catalysts, the
third type of NHC that has found favor in transition metal coordinate systems is the imidazloin2-ylidene series of carbene catalyst.27,28 The seminal work published by Herrmann in 1995 is
widely considered to have opened the field of study for NHCs in transition metal catalysis
systems.27
Until the advent of NHC-metal coordinate systems, phosphane and phosphite ligands
filled a similar role.30 Not only do these complexes stabilize low-valent metal centers from
aggregation but their coordinate sites favor “dissociation equilibria”, which allows the necessary
steps of the reaction to proceed.30
Two examples of phosphane or phosphite metal coordinates are found in the industrial
processes of hydrocyanation and hydroformylation.30 However, the P-C bond is readily cleaved,
resulting in the need for a significant excess of ligand to control equilibrium in both the
activation and propagation steps within homogenous catalysis systems. Another drawback of
these ligands is their sensitivity to air and moisture. When taken together these two effects often
drive up the cost for industrial processes.30 When taken in context, these disadvantages became
the motivation for Herrmann’s work into NHC-metal systems.
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Part of what makes NHCs such efficient binders to transition metals is there strong σdonor ability with a sp2 hybridized lone pair available to the transition metal σ-acceptor orbital.2830

In broader terms, metal complexes formed with NHCs tend to be classified as monodentate,

bidentate and tridentate systems.27
Olefin metathesis has emerged over the past few decades as a powerful tool for the
formation of carbon-carbon double bonds. A ruthenium based catalyst with phosphine ligands
has found extensive use in organic and polymer chemistry due to a high affinity for olefinic
substrates and has shown to be tolerant of common functional groups. The mechanism of this
reaction has been widely studied with the purpose of designing new catalysts with improved
activity, stability and selectivity.31-33
Early studies indicate that catalysts with sterically bulky and electron donating phosphine
ligands demonstrate the best activity.33 This ultimately led to the development of new ruthenium
catalysts with NHC ligands, which tend to be larger and more electron donating that their
phosphine counterparts. This new class of compounds has come to be known as second
generation “Grubbs” catalyst, due in part to their significant increase in activity towards olefinic
substrates, when compared to the parent ruthenium-phosphine catalysts.34-36

Figure 1.2.5 Grubbs catalysts33
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NHC-ruthenium complexes can formulate tri and tetra substituted olefins in both ringopening and cross-metathesis style reactions as well as functionalized alkenes with respectable
yields. NHC coordinates tend to show a high catalytic activity towards ring opening
polymerization of cyclooctadiene.33
New catalysts design has significant implications for synthetic reactions involving both
metathesis polymerization and organic pathways. Rational process design benefits from lower
catalyst loading, by improving cost effectiveness and atom economy. The more catalyst that is
required to initiate a reaction, the more catalyst that remains unused. Improved initiation rates
allow for lower catalyst amounts while maintaining high activity for olefin metathesis. Lower
reaction temperatures are advantages for selective olefin metathesis reactions and is made
possible by faster initiation rates.33
NHC coordinate systems have shown to have improved thermal stability compared to
phosphine counterparts. This thermal stability can be attributed to the steric and electronic
stabilization of the NHC ligand.33
Further exploring the functionality of NHCs in transition metal catalysts, leads to a
fundamentally important reaction used for producing optically active compounds. This synthetic
pathway or asymmetric hydrogenation as it is known, offers an attractive route for chemical
transformations based on its “high atom economy”37 and mild reaction conditions.38
NHCs play vital roles as effective catalysts in both organic and organo-metallic
processes. Since the publication of Herrman’s seminal work, NHC-metal complexes have been
probed as ligands for transition metal complexes. This has led to an important application of
NHC-metal coordinates in asymmetric hydrogenation. 38 The ability of NHC ligands to carry
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chiral information during asymmetric catalyst is favored by the pharmaceutical industry. 39 NHCIridium (NHC-Ir), NHC-Rhodium(NHC-Rh), and NHC-Palladium(NHC-Pd) centers are just a
few of the coordinate systems that have been studied for asymmetric synthesis.
A bidentate NHC-Ir complex containing an oxazoline ring was developed by Burgess et
al, for the hydrogenation of non-functionalized alkenes.39,40 Results from using this catalyst
generated a product yield of 99% with 98% “ee”. Since this early work, Burgess’ catalyst has
been applied to various alkenes for asymmetric hydrogenation such as 1,3 – dienes and
functionalized monenes.41 Burgess’ catalyst was also used in the natural product synthesis of (-)
– dihydromyoporone, a fatty alcohol found in sweet potatoes which aids in cell signaling,
resulting in a product with a syn:anti ratio of 57:1.42

Figure 1.2.6 Burgess' catalyst42

Chiral phosphine ligands have been used extensively in asymmetric hydrogenation. It is
only natural to consider incorporating a phosphine moiety into chiral NHC ligands. A chiral
phosphine NHC-Rh bidentate coordinate system, that incorporates a stereogenic center around a
naphthyl arm was developed for hydrogenating α, β - unsaturated esters, leading to a 99% “ee”.43
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Figure 1.2.7 NHC-Rh-Phosphine catalyst38

Palladium has found use as a metal center in tridentate “pincer-type” coordinate systems.
The novel complex has shown promise in the enantioselective hydrogenation of diethyl 2benzylidene succinate with up to 99% “ee”.44,45

Figure 1.2.8 NHC-Pd catalyst38

Continuing this investigation of NHCs as ligands for late transition metal complexes
leads to the use of NHCs as “alternative anchors” 46 for surface modifications on gold. Recent
advances in the fields of nanotechnology,47 sensing, surface protection and microelectronics are
largely based on gold surface modifications using thiol-based ligands because of their ability to
create self-assembled monolayers(SAMs). 46
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The potential for NHC-based ligands is evident when looking at their functionality as
catalysts for a variety of reactions, that have already been discussed. Having a strong σ-donating
character with π-accepting traits makes NHCs attractive binders for late transition metals such as
gold.48 Being such strong binders, it should not be expected that NHCs would be mobile on a
surface.46 However, recent studies have shown this to not be the case. NHC-based ligands have
indeed shown to be mobile, this aids in improving SAM quality which leads to improved
physical and chemical properties of materials.46
NHC-carboxylates were deposited on the gold surface though a physical vapor deposition
technique, carboxylates where chosen as to reduce salt based contaminants on the surface, while
CO2 could be liberated readily by heating, thus generating free NHCs. 46
Three NHCs were tested for mobility, IMES, IPr, and IMe. Heating of the IMEScarboxylate led to the free NHC being deposited on the gold surface with no signs of impurities.
However, only ellipsoidal shapes or IMES molecules with varying degree of orientation could be
observed with scanning tunneling microscopy(STM).46

Figure 1.2.9 Tested NHCs46

Differing from the IMES results, IPr and IMe were layered on a gold (III) (AuIII)
surface, in a similar fashion, but with controllable coverage. At 0.01 monolayer coverage was
observed at the edge of the Au(III) surface. At 0.05 monolayer “islands” made from IPr could be
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observed, which seem to occupy face-centered cubic stacking regions(fcc). Mobility is still
observed while maintaining the integrity of the herringbone Au(III) substrate structure at
saturation coverage. Despite this high level of mobility, thermal stability of the SAM was
evident at high temperatures. Free rotation was observed around the single bond that connects
the carbene center to an Au(III) atom. This step is an irreversible process. The free rotation is
based on IPr appearing as a round shape.46
The assumption that a dense, rigid film is produced by the NHC strongly binding to the
gold surface can be explained by NHC-induced adatom formation. This leads to a ballbot-type
motion by way of the NHC sticking to its adatom.46
To further understand the ballbot-type motion, STM measurements were made with IMeAu(III). IPr-Au(III) demonstrated, similar characteristics to IMe-Au(III). Although, with high
coverage, differences were noted, IMe-Au(III) forms a rectangular close packed structure at
saturation coverage. This change is believed to be based on the different substituents on the
heterogeneous nitrogen within the NHC ring. To verify the molecular ballbot style motion,
density functional theory(DFT) calculations where performed on IMe. Optimized geometry
displays the gold atom covalently bonded to IMe and lifted 0.32Å above the surface. This
represents the most stable configuration, where IMe is connected to a single Au(III) atom.
Further simulations show that the bonded Au(III) atom is lifted out of the gold surface layer and
is replaced by an atom from the second layer. Once this adatom is formed the NHC-Au complex
diffuses freely across the surface.46
This type of movement contrast with thiol based ligands because there is a threefold
coordination at the hollow site, compared to a single bonded NHC carbon atom.46

16

Free energy calculations for the extraction of a single Au(III) atom with a IMe attached
showed an energy barrier of 12 kcal mol-1. In the absence of IMe, the energy barrier is 125 kcal
mol-1. These data sets support the notation that IMe is highly mobile with regards to a low
barrier to diffusion.46
Comparing the three NHCs, IMES has an increase in binding energy of 1.6 eV, compared
to IMe. IPr binding energy varies by 0.59 eV. This increase is due to non-binding aromatic
substituents on IMES and IPr. IPr, however pulls the Au(III) atom out further by about 0.2Å
compared to IMES, this a result of steric repulsion by the alkyl sides chains present on IPr. IMe
not having bulky aromatic side groups attached to the ring nitrogen’s, shows vastly improved
mobility in contrast to the other two NHCs. Because of this IMe is able to form self-assembled
aggregate structures along with dimeric and trimeric NHC-structures as discovered by STM
studies.46
NHCs have shown to be versatile compounds and as such, they span the gambit of
chemical transformations, from organic reactions to ligands for transition metals. NHC
functionality, includes homoenolate formation, β-reactivity, as well as 1,2 additions and
chelating late transition metals such as gold. Their potential for use seems almost infinite and
their functionality will continue to be expanded upon for years to come.
Reactivity and Stability of NHCs
Seminal publications in 1988 and 1991 by Bertrand and co-workers and Arduengo et al
respectively, reported the first isolable and “bottleable” NHC. 2,3,49 Until this point, NHCs were
considered too unstable due their transient nature owing to their incomplete octet with coordinate
unsaturation, reinforced this belief.49,50
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Arduengo et al, synthesized the first NHC incorporating a nitrogen heterocycle, 1,3di(adamentyl) imidazole-2-ylidene(IAd) which was based on the structural likeness of metalcarbene complexes researched by Wanzlick and Öfele. 2,49 This work has led to a plethora of
experimental studies on the reactivity and stability of NHCs. 49
Technically speaking, NHCs are defined as neutral compounds containing a twocoordinate carbon center with a six-electron valence shell, within a heterocyclic structure
containing at least one quaternary nitrogen.49,50

Figure 1.3.1 The first NHC49

Inherently unstable, NHCs are stabilized by both electronic and steric factors. Bulky
substituents adjacent to the carbene center help to kinetically stabilize the overall carbene
structure, disfavoring dimerization to the respective olefin. 49,50
Heteroatoms in the ring such as nitrogen provide electronic stabilization which is more
significant when compared to sterics. The carbene center exist in a ground state, the highest
occupied molecular orbital(HOMO) and the lowest unoccupied molecular orbital(LUMO) are
formally hybridized as sp2 with a lone pair of electrons and an empty p-orbital.49,50 Nitrogen’s in
the ring impart a σ-electron-withdrawing and a π-electron-donating effect stabilizing the overall
structure inductively and mesomerically by lowering the energy of the occupied σ-orbital and by
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donating electron density into the p-orbital. The cyclic structure of the NHC reinforces the
singlet state by forcing the carbene center into a bent sp 2 shape.49 These characteristics are
generally found in all the varying classes of NHCs. Some NHCs contain an aromatic ring, thus
benefiting from a greater degree of stabilization without the need for bulky substituents.49
There is not a requirement for two nitrogen atoms adjacent to the carbene center, other
heteroatoms such as sulfur and oxygen will stabilize the NHC in a similar manner. 49

Figure 1.3.2 Aromatic based NHC49

The framework for understanding their reactivity exist in the single ground state of the
NHC. The lone pair of electrons exist within the plane of the ring, imparting strong nucleophilic
properties. Because of this, NHCs act as strong σ-donors to a vast range of metallic and nonmetallic acceptors.49,50
NHCs are strong coordinate binders to transition metals as a result of their σ-donating
traits. The sp2- hybridized lone pair act as donor electrons to the σ-accepting orbital of metals.
Although this is perhaps the most crucial aspect as ligands for transition-metals, recent work
suggests an accumulative effect with π-back-bonding to the carbene p-orbital and π-donating
from the p-orbital. These π-contributions may account for as much as 20% of the total energy
within the ligand bond.49,51
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In this manner NHCs draw parallels with phosphine based ligands as they both share
coordination properties in their strong σ-donating and relatively week π-accepting features.
Because of these traits, NHCs were considered phosphine mimics for transition-metal coordinate
systems.49 Generally speaking, NHCs are stronger electron donators, leading to an increase in
thermodynamic stabile of the metal-ligand bond compared to phosphine counterparts. This is
evident in shorter bond lengths and greater dissociation energies for NHC-metal complex
systems. Taken together these properties indicate that stronger NHC-metal bonds result in less
labile and more oxidatively stable coordinate systems than phosphine. 49 Further contrasting
phosphine ligands to their NHC equivalents, exposes differences in their steric properties, for
example the sp3 hybridization of phosphine results in a cone shaped arrangement pertaining to
steric bulk, as opposed to an umbrella type form from NHCs, with substituents on the ring
nitrogen’s closer to the metal surface.46,49 NHCs are also more anisotropic and rotation around
the NHC-metal bond occurs to minimize interactions with other massive ligands. 46,49
Along with coordination to transition metals, NHCs can bond with a variety of nonmetallic and semi-metallic species such as low valence p-block elements.49 There strong σdonating ability makes them ideal for forming this kind of adjuncts. Viability of forming these
types of coordination systems lies in their enhanced stability and low-lability, these traits can
demonstrate physical and chemical properties that contrast to related adducts. NHC-borane
ligands are one such example, this bond can be considered covalent in its nature. 52 With regard to
traditional reactions schemes, utilizing a NHC based ligand in hydroboration does not led to
ether- or amine-borane complexes formed from uncoordinated borane left over in the reaction
mixture. Instead they act as bases or nucleophiles. 49,52
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Enhanced coordination properties of NHCs has allowed the seemly unprecedented
stability of p-block elements, to the zero-oxidation state. NHC based ligands are compared to
those in low -oxidation state transition-metal complexes were empty orbitals accept σ-donating
electrons for increased stability.49,53
A third application of NHCs based on their reactivity is there use as catalyst in organic
reactions. Typically, these are initiated by nucleophilic attack of the NHC on to the
corresponding carbonyl substrate. The electron withdrawing nature of the generated cationic
NHC after nucleophilic attack plays a major role in the reactivity of the adduct. This is evident
with esters, the product generated after the NHC addition to the carbonyl and subsequent release
of the alkoxy group leads to an acyl azolium salt. This product is significantly more electrophilic
than the staring ester and can be used in transesterification reactions with alcohols. 49
The largest utilization of NHCs as organocatalysts, is seen in reactions between
nucleophilic NHCs and aldehydes. After the initial NHC attack on the aldehyde, the aldehydic
proton becomes acidic, by the “inductive effect of the cationic azolium group” 49, followed by
proton transfer leads to the formation of the “Breslow intermediate” which is then the active
nucleophile because of π-donating heteroatoms in the ring structure. The result is that a once
electrophilic carbon becomes nucleophilic or undergoes “umpolung” activity. 49
Building on the properties of NHCs previously discussed, my work planned to extend the
use of NHCs as catalysts in environmentally friendly solvents while characterizing the products
in a novel way.
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Computational Studies of N-Heterocyclic Carbenes
The last decade has seen an explosive growth in the facilitation of NHCs as powerful
organocatalysts in numerous reactions. Characteristics that make NHCs attractive for use in
chemical transformations include, their profound nucleophilicity, ability to act as good leaving
groups, as well as selecting electronic and steric properties based on reaction conditions, adding
to this appealing model is their unique ability to impart polar umpolung reactivity, leading to the
discovery of new chemical pathways that can be utilized in natural product synthesis and drug
development.5,6,8,13,21,28
Historically, the reaction pathway is based on the Benzoin or Stetter Reaction
mechanism.8,15,22,23 However, molecular insights into the stereo-selectivity, intermediate
transition states, and mechanistic understanding has widely been unexplored until recent years,
this section will focus on the computational results that have provide insight into NHC-catalyzed
reactions.54-56
Cooperative asymmetric catalysis between NHCs and Lewis Acids(LA) is gaining in
popularity. Computational studies have helped shed light on mechanistic steps while contrasting
the use of LAs during the reaction and without LAs, only using the NHC catalyst.54-57
A more recent example of cooperative catalysis uses a chiral triazole based NHC with
Lithium Chloride (LiCl) as the LA. Molecular insight is provided by Density Functional Theory
(DFT) with B3LYP-D3 method as an attempt to discover the origin of enatio- and distereoselectivity while improving the knowledge of key mechanistic steps. Highlights of the study
include weak interactions such as hydrogen bonding, hydrogen-π, and lone pair-π interactions, as
critical actors in stabilizing the transition state(TS) that yields the major product. The use of LAs
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such as LiCl has shown to decrease activation barriers while DBU and LA-solvent(LiCl(THF))
effects play significant roles in forming the Breslow intermediate. To serve as a test model, the
reaction between iSatin and trans-cinnamaldehyde and its derivatives, producing spirooxindole
lactones with a triazole NHC catalyst and LiCl as the LA was used. 56 Spirooxindole lactones are
important structure motifs found in biologically active natural products. 57
Gaussian 09 software suite was the source of all calculations. Optimization of respective
geometries for all reactants, intermediates, and TS were carried out at the B3LYP-D3 level of
theory utilizing the basis set of 6-31G+(d,p). Solvent effects were determined by the TruhlarCramer SMD solvation model. Validation of intermolecular interactions was carried out by Aim
2000 software at the SMD(thf)/B3LYP/6-31G** level of theory.56

Figure 1.4.1 Model iSatin reaction56

General steps in the mechanism include the addition of the NHC to the enal substrate
through nucleophilic attack, generating a zwitterionic intermediate, proton transfer of the
aldehydic proton to the carbonyl oxygen followed by residence yields the Breslow intermediate;
a key step in the reaction. The stereo-controlling bond formation step is the joining of the
nucleophilic Breslow intermediate to the electrophilic partner, n-methyl iSatin, thus generating a
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carboxylate intermediate. Intramolecular proton transfer from the carbinbol oxygen to the
previous β-carbon of the Breslow intermediate results in the last step before lactonization. Ring
closure affords the desired lactone product and recycles the NHC catalysts and the LA. 56
The Gibbs free energy profile based on the vide supra computational parameters, shows
13.7 kcal mol-1 for the initial zwitterionic TS. Assisted formation of the Breslow intermediate by
DBU-proton transfer shows the energy to be 24 kcal mol-1. It may be possible that LiCl(THF)
assist in the formation of the Breslow intermediate, computations show this to be exergonic by
1.9 kcal mol-1.56
The next step in the reaction mechanism is the stereo defining carbon-carbon bond
formation, based on the conformational difference, the re or si addition to the prochiral face of
the β-carbon on the nucleophile to the electrophilic carbonyl carbon of the iSatin moiety. 56 Also
playing stereo-defining roles is the conformation of the morpholine moiety substructure of the
triazole ring. And the orientation of the reacting nucleophile and electrophile relative to one
another.56
Computationally, it was determined that without LiCl the trans (morpholine oxygen
orientated up and away from the from the indole ring) “si,si”; state was the lowest in energy.
However, this addition path contrast with experimentally determined results. 56,57 Which
would lead to a 2R,3S configuration. The Gibbs free energy difference between trans(si,si) and
cis (morpholine oxygen directed down towards the indole ring) “re, re”; TS is 0.1 kcal mol -1,
which equals about 8% “ee”, favoring an “inverted configuration” of the product. Without LiCl
experimental conditions was 34% “ee” favoring 2S,3R conformation. 56 Implying that the
LiCl(THF) route was dynamically lowest in energy.56
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In the presence of LiCl(THF), the lowest energy configuration was cis(re,re) were the βcarbon on the Breslow intermediate adds to the re face of the iSatin moiety. This addition
pathway yields 2S,3R configuration. Gibbs free energy of the TS for cis(si,si) is about 6.8 kcal
mol-1 higher than for cis (re,re)56,57 Computational “ee” is greater than 99% which agrees well
with experimentally value of 96% “ee”.56,57
Non-covalent interactions are observed during the stereo-controlling step. Generally
speaking, Li maintains a “tetrahedral coordination”. 56 Geometries, of the stereo-controlling steps
indicate that the coordinating ligands are not the same for cis(si,si) and cis(re,re). An example,
in the lowest energy cis(re,re) state, the enolate oxygen and one carbonyl from the iSatin bonds
with Li. As opposed to cis(si,si) were both carbonyl oxygens bond with Li. 56
LiCl coordination is prevalent in the lowest energy cis(re,re) state. Where LiCl(THF)
coordinates to the enolate oxygen with Li-O bond length of about 2.11Å which is not found in
cis(si,si) conformation. There is however, coordination between the iSatin carbonyl and Li in the
higher energy cis(si,si) state this bond length is about 1.98Å. However, this is not found in the
cis(re,re) sate.56
Interactions that are common in both distereomeric transition states are C-H---Cl
interactions, Cl---π, and C-H---O hydrogen bonding. Cl---π interactions of the triazole moiety
are marginal across the board. A lone-pair---π interaction is found in the cis(si,si) which is not
present in the lower energy cis(re,re) state. Taken together these non-covalent interactions are
important forces that aid high levels of stereo-induction.56 See figure 1.4.256 for the Gibbs free
energy profile for the catalytic cycle, key steps are the formation of the Breslow intermediate,
stereo-selective carbon-carbon bond formation and recycling of the catalyst with product
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release.56 It should be noted that inclusion of LiCl(THF) allows access to lower energy pathways
due to stabilization of TS and intermediates.56

Figure 1.4.2 Gibbs free energy profile56
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Relative differences in Gibbs free energy for the addition of the Breslow intermediate to
the electrophile are 1.1 kcal mol-1 without LiCl(THF) and -10.5 kcal mol-1 with LiCl(THF). The
activation barrier for this step is 6.4 kcal mol -1 lower with LiCl(THF).56
The Gibbs free energy for the intermolecular proton transfer of the carboxylate
intermediate is 22.6 kcal mol-1 without LiCl(THF) and -3.4 kcal mol-1 with LiCl(THF). The
activation barrier for this step is 8 kcal mol -1 lower in the presence of LiCl(THF). Gibbs free
energy for recycling the NHC catalyst and product formation is 2.9 kcal mol -1 and -8.7 kcal mol-1
respectively.56
Product formation of the 2S,3R spirooxindole lactone, is exergonic by 19.5 kcal mol -1.
These data support the idea that LiCl with THF as a solvent stabilizes TS and intermediates by
non-covalent interactions.56
Future computational work could be expanded to include non-chiral NHCs. Such as
IMES that acts like a rotomer, with rotation around the single bond connecting the ring nitrogen
to bulky R-groups. It would be interesting to see the stabilizing forces around the Breslow
intermediate and the stereo-controlling carbon-carbon forming step, determining product isomer
ratio outcomes.
Green Chemistry
A declining state of the natural environment has led to strategic resource management
focusing on sustainable routes for chemical synthesis. The significance of sustainable strategies
is evident when considering the hazards poised to the global biosphere from soil and water
contamination, air pollution from volatile compounds and factory emissions, as well as the
accumulative effects on the ozone layer.
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The tragic treatment of the environment combined with misuse of resources has raised
awareness for green chemistry across academic and industrial sectors. 59 One way chemistry can
help reduce environmental impact is by investigation of the use of catalysts in unconventional
solvent systems.59,62
Potentially, solvents compose 80% of the material use and 50% or more of the total
chemical waste.62 Under this context pharmaceutical research can benefit from efficient solvent
use. There are some limitations to overcome but some of the more promising choices include
water, limonene, a naturally occurring product, polyethylene glycol(PEG), further expanding
solvent selection encompasses supercritical fluids, ionic liquids and the use of biphasic solvent
systems.59
Having a high heat capacity makes water an ideal solvent for regulating exothermic
reactions. Substrate reactivity can be enhanced because of the extensive network of hydrogen
bonding with water. When using a biphasic reaction system, phase separation can be used to
extract organic compounds. Water can handle additives to induce a salting in our salting out
effect. Surfactants can be used to increase solubility of organic reactants. Because biological
systems are mainly water, chemo-enzymatic considerations can be utilized.59
Pericyclic reactions like Diels-Alder have shown rate enhancement with the use of polar
solvents.58,59 As early as 1930, water-based solvents have been used in the Diels-Adder reaction.
However, it was not until the mid-1980s that Breslow laid out the observed rate enhancements in
water between cyclopentadiene and butanone. When methanol was used as a solvent, rates were
comparable to other organic solvents. It is believed that hydrogen bonding combined with
strengthened hydrophobic interactions led to the rate acceleration. It is interesting to note that
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along with the observed rate increase, the endo product preference was over 21:1, compared to
8.5:1 for ethanol and 3.9:1 for cyclopentadiene.59
The Claisen condensation reaction has shown similar acceleration in aqueous media.
This believed to be based on solvent polarization and transition state hydrogen bonding. 63
A widely-used reaction in organic chemistry is the Wittig reaction, which is normally
carried out in anhydrous solvents at basic pH. It appears that when using stabilized phosphine
ylids, aqueous based solvents can be used, a similar rate enhancement was observed as noted
above, reactions were complete in 5 – 60 minutes under reflux. A salting out agent was proved
to be beneficial. When aromatic aldehydes were used as substrates they demonstrated a
comparable E/Z product ratio to toluene based reaction conditions.59

Figure 1.5.1 Diels-Adder in water59
Generally speaking, organic catalysts are stable in water. Reactions exploiting this
concept include amine catalyzed enamine reactions. This was demonstrated by Mase et al, when
in 2006 they developed a Michael reaction using seawater and brine as solvents with a
bifunctional catalyst featuring a hydrophobic side chain. The reaction between β-Nitrostyrene
and functionalized ketones afforded the desired product with a 99% yield a 97% “ee”.60
Experimenting with organic catalysts in biphasic solvent systems, Sohn et al, in 2004
used NHCs to formulate γ-butryllactone rings in 10:1 THF/water with yields as high as 84% and
distereomeric ratio of 7:1.61
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Thiamine acts as a catalyst in a predominantly water based biological systems. 1 It should
come as no surprise that NHC-based catalysts work efficiently in water. Building on Sohn’s
work Leong et al used IMES in 100% water with K2CO3 as a base to facilitate the reaction
between trans-cinnamaldehyde derivatives and benzaldehyde based substrates to form γbutryllactone rings. Product yields were as high as 87% with cis/trans product ratio as high as
5:1.62
Trying to expand this work, I used DBU as a non-nucleophilic base with similar reactants
to afford γ-butryllactone rings in comparable results and distereomeric ratios to the Chi group.
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CHAPTER 2
WATER AS A SOLVENT
General Features of Water

The Greek philosopher Thales of Miletus once proclaimed, “All things are produced from
water”1 This statement was a generalization at an attempt to explain the significant role water
plays for the viability of life on Earth.
Water is one of the most abundant compounds on Earth. Life, as we know it, is water
based. The molecular structures of cellular components found within cells of living organisms
such as proteins, lipids, carbohydrates and nucleic acids are a result of their interactions with
water. Intra and extracellular fluids are water based. Numerous, biochemical reactions take
place in aqueous environments. Such as the previously mentioned, nucleophilic acylation of
pyruvate by thiamine to form acetaldehyde.2 Why is it then, that water is seldom used in organic
chemical transformations?
Solvent selection is an essential choice to make for reactions. A good solvent should be
able to readily dissolve chemical reactants, to the point that reagents cover a wide concentration
range, solvents should not interfere with the reaction process and ought to help stabilize
intermediates. Solvents should be easily removed following the reaction, while allowing for
efficient isolation of the desired product. Water holds many potential benefits over classical
organic solvents. Perhaps the most obvious is its relative abundancy and cost effectiveness.
Water can dissolve a variety of compounds, for those molecules that have low solubility,
axillaries such as surfactants, salting-in or salting-out agents can be used to increase their
solubility. The pH of water can be adjusted to accommodate solubility. Using organic co36

solvents in a biphasic system can increase the solubility of solutes, without changing their
nature.3,4 Environmental friendliness is a major consideration for water as a solvent in reaction
schemes as well.
Solvents usage accounts for about 85% of total chemical mass used by pharmaceutical
companies, 80% of material usage and over 50% of total chemical waste. 4,5 If water could be
utilized on an industrial scale, then the cost savings combined with a reduction in environmental
impact could be realized.
What physical qualities enable water to be a feasible solvent? The geometry of water is
“bent”, with a O-H bond length of 0.958Å, with a H-O-H bond angle of 104.5°.2 The large
difference in electronegativity between oxygen and hydrogen, accounts for about a third of the
ionic character of the O-H bond. A large dipole of 1.85 Debye units favors this ionic
interaction.2 Further supporting the polar nature of water is a high dielectric constant, with a high
relative permittivity.2,6 Water has a high heat capacity, of 4.18 J K-1 cm-3, allowing for control
over exothermic reactions.4,6
Further exploring electrostatic interactions of water, leads to the critical role hydrogen
bonding plays in the physical qualities of water and as a solvent. Water can act in an acidic
manner, donating a proton or in a basic manner, accepting a proton, forming complex structures.
The complexity of water as a solvent is not without its merits. Non-intermolecular hydrogen
bonded water molecules closely packed together, have a high density with low molar volume and
weak cohesion. Where the reverse is true, closely packed, intermolecular hydrogen bonded
water molecules have a low density with high molar volume and strong cohesion. .2,4,6,7
Hydrogen bonds play a bit of a dual role for water.
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The dual nature of hydrogen bonding is evident in the role as an attractive force, as
described above. The repulsive nature of hydrogen bonding is seen by the low internal pressure
of water, where hydrogen bonds hold apart centers of mass for water molecules, as is evident
when water expands during freezing.2,6
Vesicle or micellular formation is another feature of water, in part based on hydrophobic
interactions and the composition of the aggregate. Amphiphilic molecules contain hydrophilic or
polar “heads” and hydrophobic “tails”. Their molecular arrangement, eliminates unfavorable
contact with water and hydrophobic tails while allowing for solvation of their polar groups.
Micellular formation depends on the critical micelle concentration(cmc), micelles form above
their respective concentration and do not form below it. Cmc is based in part on the nature of the
amphiphile and solution conditions such as temperature. 2,6,8
The formation of micelles leads to an increase in the structural organization of the
macroscopic environment. This is indicated by studies that show negative ΔS and ΔH values
with a positive ΔG value, for noble gases and hydrocarbons dissolved in water. 8 Implying that
their formation is exothermic and temperature dependent.

It is interesting to note that with an

increase in alkyl chain length, the standard enthalpy of formation becomes more exothermic by
about -2.6 kj mol-1 per CH2 group at 303 K.6,8
Catalysis development in aqueous solutions is an important aspect of contemporary
organic synthesis focusing on stereo-control. A lot of time and effort has been devoted to the
design of chiral catalysts to afford favorable product outcomes. Typical catalysts used in waterbased environments include Brønsted catalysis3, which is considered one of the more efficient
and ecologically benign methods of carrying out reactions in aqueous media, in part due to the
avoidance of undesirable side products from nucleophilic bases by increased solubility and
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diffusion of charge by hydrogen bonding water molecules.3 Lewis acid catalysts3 are also
considered in environmentally friendly solutions; their coordination and activation properties
make them desirable for both intra- and interligand asymmetric induction.3 However, it has only
been recently that NHCs have been considered for use in aqueous solutions. Most work has
focused on NHC-metal coordination complexes, due in part to the increase in solubility that
comes with ligand binding.3,9 NHCs tend to be Lewis bases, with pKas typically above water,
which would disfavor carbene solubility.10 Thermodynamics, also seem to work against NHCs in
water, as the dominant species is protonated, however, when appropriate bases and electrophiles
are used rapid deprotonation kinetics shifts equilibrium to favor product formation. 9,10
Solute Interactions
It has been said that water is the “universal solvent”. 2 Although water dissolves a lot of
different compounds, more so than comparable solvents, it does not dissolve everything.
Solubility of a solute depends on the ability of the solvent to interact more with the solute than
the solute particles interact with each other. The reason water is such a strong solvent lies in its
polar nature. This makes it an ideal diluent for polar and ionic molecules, which are hydrophilic.
To the contrary, nonpolar materials do not dissolve well in water and are thus hydrophobic. 2,3,4,6
So why do ionic substances such as salts dissolve well in water? Ionic interactions like electrical
charges relate per Coulomb’s Law. F is the force between to point charges q1 and q2, k is the
proportionality constant, r is the distance between charges q1 and q2 and D is the dielectric
constant. So, the force is proportionate to the magnitude of the product between the charges. 2

Figure 2.2.1 Coulomb's Law2
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As the dielectric constant of the medium increases the force between the charge
decreases. The dielectric constant is a measure of a material or solvent, in this case to separate
charges. The dielectric constant of water is very high relative to other pure liquids.
Hydrocarbons such as hexanes have a small dielectric constant. Therefore, the force of two ions
in solution is much higher in nonpolar solvents. This attraction of ions in nonpolar solvents is
high enough that the ions form salt aggregates in nonpolar liquids. 2
Compared to water having a higher dielectric, this force is smaller, allowing individual
ions to remain in solution or to stay hydrated. Hydrated ions, are attracted to the opposite
charges of the dipole of polar liquids, ultimately forming solvation shells 2,6,8 around the charged
particle. This has the effect of distributing the ionic charge over the solvation complex, thus
attenuating the coulombic forces between the charges particles. 2
Thermal motions oppose the alignment of ionic charges on dipole molecules. Therefore,
dipoles in solvation complexes are only partially orientated. One reason why water’s dielectric
constant is so high is the network of hydrogen bonds stabilize organized structures that counter
thermal randomness, allowing more efficient distribution of charges. 2,6
Solubility’s of substances are enhanced if they carry certain functional groups such as
hydroxy, keto, carboxyl or amine groups that act has hydrogen bond donors or acceptors. These
functional groups also contain dipole moments between the connected carbon and the more
electronegative heteroatom, increasing their polar nature, also favoring their solubility in
aqueous environments. Biological molecules such as nucleic acids, proteins and carbohydrates
all carry polar functional groups. Contrasting with nonpolar compounds that lack the ability to
form hydrogen bonds.2
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As already stated, biological molecules tend to be amphiphilic in their composition, that
is they contain both hydrophobic and hydrophilic component’s. Lipids and fatty acids are
examples of amphiphilic compounds with hydrophilic heads and hydrophobic tails. The
hydrophilic portion is solvated in aqueous media, while the hydrophobic sections turn inward,
excluding water from the interior. The exclusion of water leads to the formation of organized
aggregates, often referred to as micelles.2,6,8
Highly structured micelles8 don’t form until they reach their cmc, therefore micelles can
contain several thousand amphiphiles per globule. Micelles are not completely static in nature as
it may appear, instead they are largely dynamic, because it is geometrically impossible 2 for all
the nonpolar tail groups to remain excluded from water. They pack in a relative manner that
mostly eliminates water from the middle. The surface layer of globular assemblies has an
affinity for a hydrated outer-shell while displacing water from the center, implying hydrophobic
interactions stabilize their structure.2,6,8
Exclusion of water from the center of the micelle is a result of hydrophobic forces. These
interactions are weak, compared to the accumulative nature of hydrogen bonds. They also lack
the directionality of hydrogen bonds, never the less hydrophobic arrangements are critical to the
structural integrity of biological molecules and aggregates that form in membranes. It is
significant to note that polar liquids other than water do not form aggregates and as such
hydrophobic forces are unique to aqueous media.2
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Reactions Carried Out in Water
Since the early 1990s water has been investigated as a solvent involving organic
transformations. A few of the more common studies surround pericyclic reactions such as the
Diels-Alder and Claisen-Rearrangements. Rate and selectivity enhancements have been
observed with these reactions when using water as a solvent. Similar benefits have been noted in
the Baylis-Hillman reaction, asymmetric aldol, and Michael addition type reactions. 4
As early as the 1930s11, the rate benefit for the Diels-Alder reaction in aqueous media has
been reported. It was not until the mid-1980s12 that Ronald Breslow formally investigated the
acceleration between cyclopentadiene and butanone and credited the rate and selectivity
enhancements to enforced hydrophobic and hydrogen bonding interactions. 12,13,16 Furthering this
work, reported improved selectivity for the endo/exo product ratio; with water as the solvent a
product ratio of 21.4 was observed, compared to 3.9 for the cyclopentadiene as the solvent. 13
Substrate scope has been expanded with the use of acid or glycocohydrophilic moieties,
to improve reactant solubility in water. Surfactants may improve product selectivity and yield
when used above their respective cmc.4
Although additives increase the complexities of water-based media, they do address
problems by increasing micellar solubilisation of reactive compounds. 4

Figure 2.3.1 Diels-Alder reaction13
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Lewis acids have been used as catalysts in Diels-Alder reactions, such as copper nitrates
and lanthanide triflates (Ln(OTF)3). With improvement to both yield and selectivity compared to
just water alone. A Ln(OTF)3 was used as a Lewis acid to assist in a three component DielsAlder reaction between cyclopentadiene, propanal, and an aromatic amine salt. Initially a 4%
yield was reported with water alone, but when the Ln(OTF)3 was used the yield increased to
64%.4
The Claisen Rearrangement also demonstrates similar rate acceleration in aqueous
solutions, and has been studied for several years. Two main theories exist for this improvement.
Solvent induced-polarization of the ground reactant state; where hydrophobic interactions
destabilize the reactant state relative to the transition state, and hydrogen bond-stabilization of
the transition state. This is what is believed to have led to a 200-fold rate increase in the reaction
kinetics with water as a solvent compared to cyclohexane. Cohesive “energy density(ced)”
studies between trifluoroethanol and water have been used to justify these ideas. There is
consistency among “ced” values for the respective solvents, and the free energy transfer between
non-polar compounds and the solvents.4,15

Figure 2.3.2 Claisen-rearrangement15
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The Wittig reaction is used regularly in organic chemistry with anhydrous solvents.
However, it appears that when stabilized phosphorus ylides are used, the reaction proceeds faster
than with organic solvents. Reaction times were less than 60 minutes under reflux conditions.
Aromatic aldehydes under aqueous conditions demonstrated comparable yields and
stereoselectivity’s with toluene as a solvent. 98% yields and e/z ratios as high as 89:11 have
been reported. However, when using aliphatic aldehydes, yields dropped to 72% and selectivity
was around 66:34.17
Another reaction showing promise in aqueous environments, that joins an electrophilic
aldehyde carbon to an activated alkene by way of nucleophilic enolate addition is the BaylisHillman reaction. A catalytic tertiary amine base forms the enolate. Classically performed in
organic solvents with Lewis acids or Ln(OTF)3, rate enhancements were reported with the use of
water and water-organic binary solvent systems. Hydrophobic and hydrogen bonding
interactions are credited with the observed acceleration. When the pH was adjusted to 1 in the
presence of triethyl amine, yields were as high as 74%.18
Further research involving organocatalytic processes in water have led to high stereo- and
enantioselectivity’s, in direct Aldol reactions using a proline-based catalyst. Reported
selectivity’s were higher that 99% percent, this trend has also been realized in Michael Addition
type reactions, utilizing a similar proline-based catalyst, processing ketones and aldehydes with
β-nitro styrene in brine solutions.4
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Figure 2.3.3 The Wittig reaction17

Solubility of reactants have been a concern when using aqueous solvents. Overcoming
these issues requires a solution set designed to improve the solubility of reactants. Changing the
pH, utilizing salting in- or out agents, and employing surfactants have all been used to help solve
this age-old problem. However, is excess water really required? There is some debate about the
“on-water” benefit, and the necessity of completely dissolving the reagents in solution. 16 Certain,
reactions may only require 1 to 3 equivalents of water to achieve the observed rate
accelerations.16,7 Either way, interest in water as a solvent is growing for contemporary synthetic
chemistry. The use of organo- and organometallic catalysts has propelled the use of water into
mainstream thinking.3,4,6,7,16,18
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CHAPTER 3
UTILIZING NHCS IN SELECTED REACTIONS
Stetter Reaction
The reaction between activated or electron-poor double bonds with straight chained,
aromatic, or heterocyclic aldehydes involving nucleophilic catalysts is termed the Stetter
reaction.
Initially, the transformation was between aromatic or heterocyclic aldehydes such as
benzaldehyde and its halogenated derivatives. They added consistently to α, β-unsaturated
nitriles and ketones giving γ-oxo nitriles and γ-diketones correspondingly.1,3 Utilizing small
amounts of thiazolium salts expanded the substrate range of this technique to include the use of
aliphatic aldehydes in combination with a base present in solution. 2,3
Stetter’s seminal work in 1973,1 demonstrated the key intermediate, a nitrile-stabilized
carbanion, a commonality shared with the benzoin condensation, added irreversibility to α, βunsaturated ketones, esters and nitriles. This work also established that since benzoins or αhydroxy ketones and aldehydes are in a state of rapid equilibrium they can be used as starting
reagents.1,3
General reaction conditions for the cyanide catalyzed version, include the use of aprotic
solvents such as dimethylformamide(DMF) and dimethylsulfoxide(DMSO), reaction temps are
above 30° C and under four hours run time. However, using thiazolium salts, polar protic
solvents may be used, such as ethanol. Triethylamine and sodium acetate are good bases to use,
but at ambient reaction temperatures surface and run times are around a couple of hours. 1-3,5
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The thiazolium-based reaction mechanism resembles the benzoin reaction. 1-4 The reaction
is thermodynamically controlled and reversible where the joining of the thiazolium-based
carbanion to the Michael acceptor is irreversible and under kinetic control. 3 Under basic
conditions, the NHC is deprotonated then nucleophilic attacks the electrophilic carbon of the
starting aldehyde to form the thiazolium-based anion. Tautomerization, leads to the nucleophilic
carbon center, which attacks the electron deficient alkene, generating an enol, followed by a
second proton transfer, yielding the desired product and recycling the catalyst. 3,5
.

Figure 3.1.1 Stetter reaction mechanism3
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The Stetter reaction has been utilized in various steps of pharmaceutical and natural
product synthesis. Such as formation of a 1,4-diketone intermediate used in the production of
Lipitor.6
The natural product synthesis of (+/-)-trans-sabinene hydrate, a flavor chemical present in
mint and herb oils was achieved using the Stetter reaction in combination with an Aldol
condensation reaction to furnish the cyclic product. 7
The Stetter reaction was used between a butyl-vinyl ketone and an acrolein in the totalenantioselective synthesis of (+)-monomorine I, a dialky-substituted indolizidine alkaloid.8
These reactions were all carried out in the presence of a thiazolium-based catalyst. They
also show the significant role NHC catalysts can play on a day to day basis. 5
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CHAPTER 4
IDEAS FOR FAVORABLE REACTION CONDITIONS
Condensation Reactions
The formation of carbon-carbon bonds presents a formidable challenge for organic
chemists. Therefore, by extension, designing and implementation of methodologies to further
carbon-carbon bond forming reactions remains the central theme for the synthetic scientist.
Among the many methods developed over the years, the vast majority of them take advantage of
the activation of the carbon neighboring a carbonyl group; the carbonyl group exerts an electron
withdrawing effect on the α-carbon, thereby activating it for potential use in reactions.1
Reactions taking place at the carbon alpha to an aldehyde, ketone or carboxyl derivative,
proceeds through an intermediate known as an enol, enolate or enamine. In this context, it is
reasonable to report that a majority of reactions occurring in nature utilize this enol/enolate
intermediate.1
Enolate anions are very versatile reactive intermediates and are often produced in the lab
by an alkali metal reagent removing the α-proton of a carbonyl compound. Once formed, the
enolate becomes very nucleophilic, this active species will attack an electrophilic carbon of a
carbonyl compound. Sometimes this results in self-condensation or an intramolecular reaction
with another molecule of the same compound or an intermolecular joining of a different carbonyl
containing reagent, whatever the case the joining of the activated nucleophilic species to the
electrophilic carbon of a carbonyl group usually resulting in the elimination of water or another
small molecule.1
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Indeed, condensation reactions are versatile in their applications to synthetic
methodologies. A few of the more popular ones include the Aldol reaction, the Claisen and the
Benzoin Condensation reactions.
Aldol Reaction
As coupling reactions are concerned, the Aldol reaction followed by dehydration is one
of the older more recognized synthetic pathways.2 It involves the joining of an enol/enolate as
the nucleophilic species of a carbonyl compound to an electrophilic aldehyde or ketone. Thus
forming a β-hydroxcarbonyl compound which can further undergo dehydration to form an α, βunsaturated carbonyl product. This transformation takes its name from the acid-catalyzed, selfcondensation product of acetaldehyde which is 3-hydroxybutanol, commonly known as an aldol,
an aldehyde and alcohol.3,4
The acid catalyzed mechanism involves the formation of an enol, where the carbonyl
oxygen accepts a proton from the acid, the next step in enol formation is the conjugate base of
the acid deprotonating the α-carbon, thus completing the nucleophile. The carbonyl group of the
electrophile is then open to nucleophilic attack by protonation, leading to the conjugation of the
enol with the activated carbonyl compound to yield the aldol or ketol. Compared to the base
catalyzed mechanism, where the enolate is formed by deprotonation of the α-carbon followed by
the joining of the enolate to the carbonyl group of the electrophile. This ionic species then
abstracts the proton from the conjugate acid formed by the base deprotonation, leading to the
formation of the aldol or β – hydroxyl ketone.5,6,7,8
In both acid and base catalyzed reactions product formation is reversible and
intermediates are formed in equilibria.6,8
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Figure 4.2.1 General aldol reaction11

The scope of the reaction includes various R-groups on the carbonyl reactants such as
alkyl, aryl and H.7,9 The ability to join various aldehydes with ketones with stereo and reginal
control adds to the versatility of this useful synthetic methodology.
Usually a mixed aldol condensation is practical when one compound is missing an α –
hydrogen, leading to the formation of one enol or enolate, thus reducing or eliminating a
competing nucleophile. Typical reagents are aldehydes with no α – protons, and a ketone to act
as the donor or nucleophilic species. Usually the aldehyde is more reactive towards the
nucleophile, than the ketone, this has the effect of reducing the chance of self-condensation, or
undesirable side products such as polycondensation or Michael Addition.11,12
Additional control can be achieved by dictating the order of reagent addition, allowing
the ketone enolate to form in the presence of the aldehyde and base, further reduces the chance of
self-condensation.12
Perhaps the most desirable aspect of the aldol reaction lies with the fact that enol
formation can be achieved in a highly regional and stereo specific manner. The aldol reaction of
stereo defined enolates is highly diastereoselective, (E) – enolates yield the anti-product while
the (Z) – enolate leads to the syn-product as the major diastereoisomer.6,9,10 Control of the
absolute stereo chemical reaction outcome is achieved through the use of enantiopure starting
materials or asymmetric catalyst.5,6,9,10
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The rational for the stereochemical outcome is based on the Zimmerman-Traxler model,
where the reaction proceeds through a six-membered chair-like transition state, with the
controlling factor of this model is the avoidance of 1,3 diaxial interactions. 6,7,8
A major advancement in Aldol methodology was the development of pre-formed
enolates. The most widely used enolates in aldol chemistry are lithium, boron, titanium and silyl
enol ethers.7,8
The aldol reaction has played a critical role in the enantioselective synthesis of the natural
marine product (-) – denticulatin a.25 Which was first isolated from Siphonaria denticulata, a
type of air-breathing molluscs, in 1983.26
An asymmetrical aldol reaction was used in the process of rhizoxin d, a powerful
antimitotic and anti-tumor agent.27
Perhaps one of the more well-known applications of the aldol reaction is its use in
Robinson Annulation, where it is the second step following a Michael Addition. An enolate
intermediate tautomerizes, followed by cyclization, then proceeded by dehydration to form a sixmembered ring enone.28

Figure 4.2.2 Preformed enolate11
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Claisen Condensation Reaction
Carbonyl compounds are fascinating functional groups, there is a lot of different
chemistry that they can undergo. Carbonyl groups are encountered frequently in organic
synthesis and are represented in nature. Just as ketones and aldehydes react under basic
conditions so do esters.
Under basic reaction conditions, two molecules of the same ester will condense to yield a
β-ketoester. Similar to the aldol reaction, an α-hydrogen is required in order to form the
nucleophilic enolate.

Figure 4.3.1 Claisen Condensation11

There are a few different variations to this reaction. If the esters are linked together, then
a cyclic product is formed and it is known as the Dieckmann Condensation reaction. A crossed
or mixed variant is possible; however, care must be taken when working with the mixed Claisen
reaction because four different products can form. Usually the crossed Claisen reaction works
best when one of the esters is lacking an α-proton, such as with esters of aromatic, formic and
oxalic acids. The ester containing no α-hydrogen distinctly acts as the acceptor, thus controlling
product formation.16
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Figure 4.3.2 Crossed Claisen11

Figure 4.3.3 Dieckmenn condensation11

The Claisen reaction mechanism shares similarities with the aldol reaction, such that the
basis lies in equilibrium between reactants and intermediates, formation of the enolate under
basic conditions results in the nucleophilic species. The nucleophile then attacks the
electrophilic carbon of a carbonyl group belonging to either a second ester molecule, an acyl
halide, or an anhydride forming a tetrahedral intermediate. This intermediate then breaks down
by discharging a leaving group, reminiscent of nucleophilic acyl substitution, forming a βketoester. This is where it is important to have the alkoxide base match the leaving group as to
not cause product mixing or undesirable side reactions. This makes the case that the base acts
more like a catalyst, in that it is rejuvenated at this point after being consumed in the first part of
the reaction.15-18
The α-proton of the newly formed β-ketoester is highly acidic because it is adjacent to
two carbonyl groups, thus it is deprotonated under the basic reaction conditions, forming a
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resonance stabilized anion. This has the effect of removing the product from equilibrium. Since
equilibrium favors reactants or starting materials over products, low yields have been reported
without the removal of the α-proton. Acidic workup restores the missing hydrogen and results in
good yields of the β-ketoester product.18
A critical step in the complete synthesis of the justicidin b and retrojusticidin b, natural
products that demonstrate anti-tumor properties, used the Claisen Condensation reaction to form
a highly-substituted naphthalene core.29,30

Figure 4.3.4 Claisen mechanism11

Benzoin Condensation
Furthering the discussion of carbonyl based chemistry brings up the topic of the Benzoin
and Retro-Benzoin condensation reactions. This reaction takes advantage of enolizable
aldehydes similar in fashion to both the Aldol and Claisen reactions, however the major
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difference lies in the fact that equilibria favors reactants and intermediates in the aforementioned
reactions, but within the Benzoin reaction, all the steps in the cyanide ion catalyzed mechanism
are reversible, hence the term Retro-Benzoin.24 This variation is often used in the production of
ketones.11
When a cyanide ion is used as a catalyst some aromatic aldehydes and α-keto aldehydes,
react to form α-hydroxyl ketones or benzoins as they are sometimes referred to. 24
In keeping with the familiarity of recently discussed carbonyl chemistry, one of the
starting aldehydes acts as the donor or the nucleophilic partner and the other acts as the acceptor
or electrophile. Certain aldehydes can only act as the donor, such as pdimethylaminobenzaldehyde, or the acceptor. Thereby reducing the chance of self-condensation.
Other aldehydes such as benzaldehyde self-condensate regularly and are able to perform both
functions.20,21,22
A more synthetically useful variation of this reaction involves the use of thiazolium salts
or heterocyclic carbenes as catalyst in the presence of a mild base. This adaptation of the reaction
allows for the use of both enolizable and non-enolizable aldehydes as starting materials. This
nucleophilic catalyst stabilizes a charge reversal or an “umpolung reactivity” of the once
electrophilic carbon of the carbonyl group into a nucleophilic carbon, ready for addition to an
electrophilic partner.20,21,22
Limitations to the scope of the reaction include aliphatic aldehydes, and when a mixture
of aliphatic and aromatic aldehydes are used as starting materials, mixed benzoin products are
formed. Stereoselectiviy is achieved when using chiral thiazolium salts as catalyst. 20
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Again, the mechanistic steps of the reaction are reversible, with the deprotonation of the
aldehydic proton as the key step. This differs from the Aldol and Claisen reactions, where the
removal of the α-proton is key. The enhanced acidity of the aldehydic proton is attributed to the
electron withdrawing effects of the cyano group or stabilizing effects of the thiazolium salt.
The Retro-Benzoin Condensation reaction has been used in the formulation of 2subsititued quinazolines, which is a class of compounds that contain anti-cancer, antiinflammatory, anti-psychotic and anti-malarial properties.31

Figure 4.3.5 Benzoin mechanism11

Charge Reversal of Michael Acceptors
Up until this point, chemistry at the α-position was the main focus. Enols and enolates
were formed by removal of the acidic proton adjacent to the carbonyl group. Once the
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nucleophile is formed, the electrophilic carbon of the carbonyl moiety is activated and open to
attack, direct addition of the nucleophilic species to the electrophile forms an ionic species that is
resonance stabilized, once this ionic group is protonated, product formation could lead to βhydroxyl carbonyl compounds or β-ketoesters. Depending on the synthetic route taken, βhydroxyl carbonyls can undergo dehydration to yield α, β – unsaturated carbonyl compounds.
Instead of starting with an aldehyde, ketone or an ester, what if the starting reagent was a
carbonyl with an electron poor double bond, such as an α, β – unsaturated carbonyl compound?
In other words, is it possible to add a stabilized carbon nucleophile to an activated π-system?
An early reaction carried out between ethyl cinnamate and diethyl malonate, with sodium
ethoxide as a base, has demonstrated that it is feasible to add a stable carbon nucleophile across
an activated double bond.32 This has since been known as 1,4 addition or conjugate addition.
The compound with an activated π-system is considered the Michael Acceptor and the reagent
that forms the nucleophilic carbon is known as the Michael Donor. 32,33,34
Further studies reviled that ethyl cinnamate acts as the electron poor acceptor, because
the ester moiety induces an electron withdrawing effect on the double bond, thereby activating it
for conjugate addition.33,34
In much the same manner, the ester moieties on diethyl malonate, behave to stabilize a
negative charge on the α-carbon.
Preparation of this Michael Donor or nucleophile is completed by deprotonation of
various CH activated carbonyl containing compounds including aldehydes, ketones, nitriles, βdicarbonyl and heteroatoms.33,34 Solvents used in this reaction can be both protic or aprotic, such
as alcohols, THF and DMF.
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The “Michael” addition has shown to encompass a wide range of reactants including
functionality of alkynes as Michael acceptors.
With an idea of the functionality of 1,4 conjugate additions and understanding that carbon
nucleophiles can be stabilized. How can this knowledge be used for practical implementation?
It has been understood for a while that the coenzyme thiamine catalyzes pyruvate
decarboxylation pathways in biological systems. Ronald Breslow, postulated that the thiazolium
moiety in vitamin B1 is acidic enough to be deprotonated under slightly basic conditions forming
a thiazolylidene or heterocyclic carbene species that is able to react with an activated carbonyl
compound. Leading to charge reversal of the once electrophilic carbonyl carbon of pyruvate and
thus culminating in the decarboxylation of pyruvic acid. 35

Beta-Functionality
Breslow based the mechanism on the Benzoin condensation reaction with the in situ
formation of the thiazolylidene followed by coupling to an aldehyde and generating the
nucleophile, this reactive species is known as a “Breslow Intermediate”. 36,37,39
Taking the concept of the Breslow Intermediate a step further, independent work by the
Bode and Glorius groups demonstrated that is possible to directly join an α, β – unsaturated
aldehyde to a heterocyclic carbene, in turn generating an acyl anion or a “homoenolate”. 36-38
Similar to an enolate, a homoenolate is a resonance stabilized reactive species with an
anionic carbon beta to the carbonyl group or a moiety that can be transformed into a
functionalized carbonyl.36-39
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Mechanism of Ring Annulation
From a mechanistic point of view the homoenolate can be utilized to undergo ring
forming annulations with aldehydes in a proficient synthetic manner to form γ-butyrolactone
rings.
The α, β – unsaturated aldehyde reaction partner under goes nucleophilic attack by the
heterocyclic carbene, giving a zwitterion intermediate, followed by transfer of the aldehyde
proton to yield the Breslow Intermediate. This intermediate is stabilized by resonance at the beta
position and by the conjugation of the heterocyclic carbene with the olefin. The β-carbon is now
nucleophilic enough to react with aromatic aldehydes forming alkoxide intermediates,
tautomeriztion forms the activated carboxylate followed by intramolecular ring closure and
release of the catalyst.36-38 Reaction mediums used in the joining of Michael acceptors to
homoenolate ions include both protic and aprotic solvents, such as, THF, DCM, alcohols, EtoAc
and THF/water mixtures.36-39
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Figure 4.6.1 Mechanism of ring annulation37,38
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CHAPTER 5
EXPERIMENTAL
General Method for Preparation of γ-Butyrolactone Ring(s)
General synthesis of the γ-butyrolactone rings was carried out per the procedure set forth
by Wen Yi Leong et al1 with slight modifications such as using, 1, 8-Diazabicycloundec-7-ene
(DBU) as a non-nucleophilic base and cesium carbonate with various NHCs to test the reaction
scope in accordance with Dr. James Kiddle’ s guidance.
Light or air sensitive reagents were purified or distilled beforehand. All reagents were
supplied through Sigma Aldrich and used as is unless otherwise noted.
Benzaldehyde and its derivatives where purified by low pressure distillation prior to
running the experiment. DBU was used as a sterically hindered, non-nucleophilic base. DBU
was distilled under lower pressure the day of the experiment. 1,3-Bis(2,4,6-trimethylphenyl)1,3-dihydro-2H-imidazol-2-ylidene(IMES) was used as a N-heterocyclic carbene(NHC) catalyst,
to test for stereoselectivity.
In an attempt to better understand the limitations involved in the reactions, the use of
other NHCs and bases were required. The NHC 1,3-Bis(2,6-diisopropylphenyl)-1,3-dihydro-2Himidazol-2-ylidene(iPR) was tested to see if sterically hindered catalyst enhanced
diastereoselectivity while using cesium carbonate as a base. The NHC 4,5-Dimethylthiazole was
utilized in a reaction with DBU as a base.
Reactions were carried out on a 0.0021mole scale, in 5.0 ml of 18.2MΩ water provided
by the house reverse osmosis system with further purification through a U.S. Filter PureLab Plus
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water filtration device. Clean 29.6 ml vials with screw on lids were used as reaction vessels. A
clean magnetic stir-bar was added to each vial along with 0.26ml of trans-Cinnamaldehyde (as
the activated alkene), 0.072g IMES, 0.05ml of DBU, and 0.43ml of benzaldehyde in a 2:1 molar
ratio was added over a period of 15 minutes. After the addition was complete the reaction was
stirred at 1000 rpms for 48 hours at ambient temperature. The aqueous layer was extracted with
3 x 10ml ethyl acetate(EtOAc), followed by washing of the EtOAc fraction with saturated
sodium chloride solution, further drying was completed by using magnesium sulfate which was
removed by gravity filtration. The product was concentrated under reduced pressure yielding the
desired γ-butyrolactone ring.

Figure 5.5.1 General reaction scheme

Figure 5.5.2 Base

Figure 5.5.3 NHCs
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HPLC Experiment
A Shimadzu LC20 system equipped with a SIL-20A autosampler, a quartnary LC-20AT
pump and a SPD-20A UV-VIS detector was used for crude mixture separation. Analyte
separation was done on a Waters Symmetry C18 3.5 µm, 4.6 x 75 mm i.d. column. Mobile phase
was LC-MS grade methanol. Separation was achieved with the following gradient; 0-10 minutes
from 50% to 90% methanol with a flow rate of 1.5ml/min. Followed by a 4-minute equilibration
to restore normal column conditions. Injection volume was 20µl and detection at 242 nm.

GC Experiment
Gas Chromatography(GC) analysis was performed on a HP 6890 GC equipped with a
Phenomenex ZB-5 column running in tandem with a HP 5973 single quadrupole Mass Selective
Detector.
GC experiment was run in splitless mode at a 1.0 ml/min flow rate with helium as the
carrier gas. Initial temperature was 50°C ramping up to 170°C at a rate of 7°C/min, then at a rate
of 8°C/min to the max set temp of 270°C for a total run time of 32 minutes. Sample injection
volumes where 1.0µl with a 10.0µl syringe.
Temperature profiles where built starting at 200°C, increasing 25°C until a max temp of
300°C was reached. At 300°C column bleed was prevalent, temps lower than 275°C lead to
unresolved compounds coming off the column.
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1

H NMR Experiment

All NMR spectra were taken on a JEOL 400 MHz nuclear magnetic resonance
spectrometer.
CDCl3 was used as the solvent for H1 NMR and purchased from Sigma Aldrich with
purities greater than 95%. Chemical shifts are expressed in parts per million(ppm) and
referenced to the internal solvent signal. Coupling constants(J) are reported in Hertz(Hz).
Splitting patterns are indicated as follows: s, singlet; d, doublet; dd, doublet of doublets; t, triplet;
q, quartet; m, multiplet.

H NMR (400MHZ CDCl3) δ = 7.14-7.08 (m, 6H), 6.90-6.80 (m,4H), 5.83 (d, J = 7.0, 1H), 4.06

1

(q, J = 7.2, 1H), 3.05 (dd, J = 17.4, 8.2, 1H), 2.95 (dd, J = 17.5, 6.5 1H)2

H NMR (400MHZ CDCl3) δ = 7.38-7.29 (m, 6H), 7.23-7.16 (m, 4H), 5.43 (d, J = 8.5, 1H), 3.60

1

(m, 1H), 3.06 (dd, J = 17.6, 8.5, 1H), 2.93 (dd, J = 17.6, 10.7, 1H)2
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H NMR (400MHZ CDCl3) δ = 7.28-7.24 (m, 2H), 7.17-7.13 (m, 3H), 6.84-6.82 (m, 2H), 6.78

1

(d, J = 8.6 2H), 5.77 (d, J = 6.8, 1H), 4.08-4.03 (m, 1H), 3.08 (dd, J = 17.4, 8.3, 1H), 2.93 (dd, J
= 17.4, 5.9, 1H) 13C NMR (100MHZ CDCl3) δ = 176.6, 136.5, 134.8, 131.1, 128.6, 127.9, 127.7,
127.5, 121.9, 84.1, 46.7, 35.1.3

H NMR (400MHZ CDCl3) δ = 7.46 (d, J = 8.3, 2H), 7.39-7.33 (m, 3H), 7.19-7.17 (m, 2H), 7.05

1

(d, J = 8.3, 2H), 5.38 (d, J = 8.9, 1H), 3.56-3.49 (m, 1H), 3.07 (dd, J = 17.6, 8.5), 2.95 (dd, J =
17.6, 11.2, 1H) 13C NMR (100MHZ CDCl3) δ = 175.1, 137.4, 136.9, 132.0, 129.4, 128.3, 127.6,
127.4, 122.8, 86.9, 51.0, 37.3.3

72

H NMR (400MHZ CDCl3) δ = 7.18-7.14 (m, 3H), 6.91-6.89 (m, 2H), 6.73 (d, J = 8.8, 2H), 6.64

1

(d, J = 8.8, 2H), 5.79 (d, J = 6.8, 1H), 4.05-4.00 (m, 1H), 3.72 (s, 3H), 3.02 (dd, J = 17.4, 8.2,
1H), 2.89 (dd, J = 17.4, 6.6, 1H) 13C NMR (100MHZ CDCl3) δ = 177.1, 158.8, 135.8, 129.1,
128.7, 128.1, 128.0, 125.9, 113.7, 84.9, 55.3, 46.3, 35.2.3

H NMR (400MHZ CDCl3) δ = 7.35-7.33 (m, 3H), 7.21-7.19 (m, 2H), 7.10 (d, J = 8.8, 2H), 6.88

1

(d, J = 8.8, 2H), 5.38 (d, J = 8.7, 1H), 3.81 (s, 3H), 3.58-3.51 (m, 1H), 3.05 (dd, J = 17.6, 8.3,
1H), 2.90 (dd, J = 17.6, 11.0, 1H) 13C NMR (100MHZ CDCl3) δ = 175.6, 159.3, 137.9, 129.8,
128.8, 128.8, 128.6, 125.8, 114.6, 87.9, 55.5, 50.2, 37.5.3
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H NMR (400MHZ CDCl3) δ = 7.28 (d, J = 8.3, 2H), 6.78 (d, J = 8.3, 2H), 6.73 (d, J = 8.8, 2H),

1

6.67 (d, J = 8.8, 2H), 5.73 (d, J = 6.9, 2H), 4.01-3.98 (m, 1H), 3.73 (s, 3H), 3.04 (dd, J = 17.4,
8.3, 1H), 2.86 (dd, J = 17.4, 6.0 1H) 13C NMR (100MHZ CDCl3) δ = 176.8, 159.0, 134.9, 131.2,
129.1, 128.4, 127.6, 122.0, 114.0, 84.3, 55.3, 46.1, 35.4.3

H NMR (400MHZ CDCl3) δ = 7.45 (d, J = 8.4, 2H), 7.08 (d, J = 8.8, 2H), 7.05 (d, J = 8.4, 2H),

1

6.88 (d, J = 8.8, 2H), 5.31 (d, J = 8.1, 1H), 3.81 (s, 3H), 3.50-3.43 (m, 1H), 3.03 (dd, J = 17.5,
8.4, 1H), 2.90 (dd, J = 17.5, 11.4, 1H) 13C NMR (100MHZ CDCl3) δ = 177.1, 158.8, 135.8,
129.1, 128.7, 128.1, 128.0, 125.9, 113.7, 84.9, 55.3, 46.3, 35.2.3
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Computational
Gaussian 09 software suite was used for quantum mechanical calculations using density
functional theory(DFT) methodology. DFT is frequently used as a computational method for
determining the electronic structure of various molecules, it is used in physics, material science
and for studying chemical and biological models. 4-6 Optimized geometries of lactone product
were enhanced using basis set 6-31G (d,p) at the B3YLP level of theory and verified through
vibrational frequency calculations at the same level to ensure that the local minima had no
imaginary frequencies.7
Toxicology
Toxicological report was provided by Viridischem’s Green Pocketbook software suite.
Chemical structures, were sent in the simplified molecular-input line-entry system(SMILES)
format to Viridis Chem, Inc for modeling.
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CHAPTER 6
RESULTS AND DISCUSSION
HPLC Results
LC-MS grade methanol supplied by Sigma Aldrich was used as the mobile phase in a 10minute gradient, ranging from 50% to 90%. Detection was at 242 nm. Methanol was chosen as
a solvent due to ethyl acetate absorbing below 300 nm. Acetonitrile was omitted as a solvent
mainly due to cost.
Starting material was found at 0.568 minutes, with 4,5-diphenyl dihydrofurane-2-one
appearing at 6.313 minutes and a potential isomer at 6.692 minutes.
HPLC was used as a general detection method to test for the formation of the desired
product in a crude mixture along with improving the understanding of the separation
requirements. A preparatory column or chiral column would vastly improve separation and
enantiomer selection. Further analysis by GC/MS with a polar column would further enhance
separation and provide a clearer picture of the components of the crude product. Figure 6.1.1
contains results to the HPLC run.
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Figure 6.1.1 HPLC of 4,5-diphenyl dihydrofuran-2-one at 242nm
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GC/MS Results

Crude product samples were prepared at 1 millimolar concentrations in LC-MS grade
ethyl acetate provided by Sigma Aldrich. ACROS Organic supplied the internal standard 4,4Diphenyl-γ-butyrolactone, it was used without further modification. Calibration curves were
built using the unpurified lactone product 5-(4-chlorophenyl)-4-phenyldihydrofuran-2-one in the
molar concentration range of 200µM to 100mM.
GC/MS was used primarily as initial investigation to validate the formation of the desired
lactone, to gain insight into the composition of the crude reaction mixture, and to better
understand yield potential and diastereomeric ratio. Isomer determination was aided using
H1NMR spectra. The reaction was first run in a traditional solvent, THF at 100% then gradually
reduced to reach 100% water.
The chlorinated lactone product had a retention time of 22.053 minutes with its isomer at
22.894 minutes. The starting reagent 4-chlorobenzaldhyde comes off the column at 6.442
minutes, and trans-cinnamaldehyde has a retention time of 8.452 minutes. The chromatogram
shows clear signs of tailing, this could be due to column overload or interaction with the
stationary phase on the column. Proper column maintenance is essential for precise quantitative
analysis, since this is a shared instrument a lot of time was spent baking and prepping the column
for these runs.
The equipped column is a standard 5% phenyl methyl siloxane column supplied by
Phenomenex. Since the lactone product contains polar functional groups, a polar column would
provide better separation. For results of the this run and the chromatograms please see table
6.2.1 and figures 6.2.2 to 6.2.12.
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Since 4,5-diphenyl dihydrofuran-2-one was a test compound initially separated by HPLC
and used to experiment with column purification, the crude product mixture was analyzed by
GC/MS.
Results of the chromatogram indicated a retention time of 19.312 minutes for the lactone
product and 19.679 minutes for its isomer. Two unknown peaks exist around 22.189 and 22.620
minutes. Mass analysis indicates similar patterns to target analyte however the M+ peak has a
higher mass indicating possible thermal-product or a result of column interaction. However,
with mass of 281 it could also be a result of polymerization from the starting materials.
Since the reaction, itself was run on a millimolar scale, it would be interesting to work on
double or triple scale. Potentially, this would paint a clearer picture of the reaction in general
while allowing for a calibration curve that better fits the concentration range of the target analyte.
In hindsight, the internal standard was not added at a concentration that was conducive for an
actual comparison, as it was often masked in the base line.
GC analysis provides an improved opportunity for quantitative yield and enantiomeric
excess determination when compared to the qualitative work that was performed on the NMR.
Running samples in sets of five with a statistical evaluation would lead to an improved
calibration curve, establishing quantitative yield and isomeric ratios. NMR experiments could
then be utilized to support the GC findings, coupling constants would be used to validate the
isomers. The next step would be column purification, while running GC experiments on
individual fractions as they came off the column. This would reinforce isolated yield, and help
determine if other isomers or products where formed.
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The lactone ring has two non-identical chiral centers, leading to four possible
conformations, 4R5R, 4S5S, 4R5S and 4S5R, relating to cis and trans isomers respectively,
therefore it is plausible to have more than two isomers. Since it is likely that the cis and trans
isomers would separate by column chromatography, they may be racemic mixtures that would
need conversion to diastereomers by reacting them with an enantiomerically pure chiral
auxiliary, then separated by chromatography or crystallization.
By understanding when the enantiomers eluted off the column, and combining GC
analysis of the column fractions, these techniques would increase the understanding of which
products or by-products formed. After GC, H1NMR experiments would be used to confirm the
respective outcomes.
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Table 6.2.1 Tabulated GC results
α,β unsaturated aldehyde

Electrophile

NHC

Solvent

Yield
(GC)

Cis/ Trans
Ratio

Cinnamaldehyde

4-Chlorobenzaldehyde

IMES

THF

58.30%

4:1

Cinnamaldehyde

4-Chlorobenzaldehyde

IMES

THF/Water
(10:1)

51.96%

2:1

Cinnamaldehyde

4-Chlorobenzaldehyde

IMES

THF/Water
(50:50)

59.15%

2:1

Cinnamaldehyde

4-Chlorobenzaldehyde

IMES

Water

63.60%

3:1
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Figure 6.2.2 5-(4-chlorophenyl)-4-phenyldihydrofuran-2-one
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Figure 6.2.3 4-chloro benzaldehyde
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Figure 6.2.4 trans-cinnamaldehyde
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Figure 6.2.5 Internal standard
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Figure 6.2.6 GC of internal standard
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Figure 6.2.7 Cis isomer
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Figure 6.2.8 Trans isomer
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Figure 6.2.9 Cis-4,5-diphenyl dihydrofuran-2-one
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Figure 6.2.10 Trans-4,5-diphenyl dihydrofuran-2-one
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Figure 6.2.11 Unknown compound 1 at 22.189 minutes

92

Figure 6.2.12 Unknown compound 2 at 22.6 minutes
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1

H NMR Results

Sample preparation consisted of a few drops of crude or purified product in a NMR
sample tube containing 1.0 ml of deuterochloroform supplied from Sigma Aldrich. Product was
verified with coupling constants (J values) which where calculated from the difference in
chemical shift(ppm) multiplied by the resolution of the JEOL 400mhz instrument and are
reported in Hertz(hz). Recorded J values are consistent with stated literature results.
The key splitting pattern that indicates lactone formation is a dd around 3.0 ppm. Both
cis and trans isomers where present in solution, this is evident by cis coupling constants of 6.96
hz and trans values of 9.16 hz, for their respective doublets.
Although H1NMR shows cis and trans isomers, it is not able to resolve all four possible
products. When looking at the H1NMR for 4,5-diphenyl dihydrofuran-2-one, the trans splitting
pattern, shows a multiplex as opposed to a doublet, this could be unresolved enantiomer(s).
When comparing the GC chromatogram of 4,5-diphenyl dihydrofuran-2-one to its crude
H1NMR, there tend to be five products that are resolved, both starting materials, benzaldehyde
and trans-cinnamaldehyde, both cis and trans isomers, and sometimes a benzoin side product that
would appear at 6.0 ppm. It is possible that this explains the last two peaks in the chromatogram,
with respective cis and trans isomers. It should be noted that the benzoin side product was not
always present in the crude solution. Also, during this time the NMR was experiencing sever
issues, such as the frequency tuning needed to be manually adjusted to a best fit, without the use
of a precise scale or measurement, the instrument would cycle through operational phases where
it was working then it would be down for a few days. Symptoms, included artifacts that would
appear below the baseline and the tuning could misrepresent chemical shifts which may explain
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the difference in the experimental trans coupling constants of 9.16 hz and the literature values of
8.1 hz.
The H1NMRs of three products, 4,5-diphenyl dihydrofuran-2-one, 5-(4-bromophenyl)-4(4-methoxyphenyl) dihydrofuran-2-one and 5-(4-chlorophenyl)-4-(4-methoxyphenyl)
dihydrofuran-2-one are listed below in figures 6.3.1 to 6.3.3.
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Figure 6.3.1 Crude H1NMR of 4,5-diphenyl dihydrofuran-2-one
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Figure 6.3.2 Post-column H1NMR of 4,5-diphenyl dihydrofuran-2-one
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Figure 6.3.3 H1NMR of 5-(4-bromophenyl)-4-(4-methoxyphenyl) dihydrofuran-2-one
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Figure 6.3.4 H1 NMR of 5-(4-chlorophenyl)-4-(4-methoxyphenyl) dihydrofuran-2-one
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Computational Results
DFT values generated from computational experiments where converted to relative
energies by setting the isomer with the lowest energy to zero, then subtracting the difference
from the next isomer with the lowest energy then multiplying by the Harttrees-Kcal/mol
conversion of 627.51. Relative energies are in Kcal/mol, after conversion the energies can be
organized in a descending order to help explain the resulting cis/trans product ratio either due to
kinetic stability or thermal dynamic favorability of the products.
Within the Stetter reaction intermediates form under kinetic control. 1,2,4 The stereocontrolling step where the nucleophilic Breslow intermediate joins to the electrophilic partner is
partially under the influence of sterics as well as inter-molecular forces.4 These computational
results, combined with the GC yields and product ratios support the kinetic influence on the
product ratios, indicating why the cis conformation is favored over the trans isomer.
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Figure 6.4.1 Relative energies of 4,5-diphenyldihydrofuran-2-one

104

Figure 6.4.2 Relative energies of 5(4-bromophenyl)-4-phenyl dihydrofuran-2-one
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Figure 6.4.3 Relative energies of 5(4-chlorophenyl)-4-phenyl dihydrofuran-2-one
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Figure 6.4.4 Relative energies of 4(4-methoxyphenyl)-5-phenyl dihydrofuran-2-one
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Figure 6.4.5 Relative energies of 5(4-bromophenyl)-4-(4-methoxyphenyl)-dihydrofuran-2-one
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Figure 6.4.6 5(4-chlorophenyl)-4-(4-methoxyphenyl)-dihydrofuran-2-one
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Toxicology Results
Six total compounds where synthesized for characterization, 24 total possible
conformations due to two chiral centers in the molecules. 24 Structure files(SMILES) were sent
out to Viridis Chem, Inc for modeling. Seven structures returned, as their software database was
limited to the number of compounds available. Data on the returned compounds was also
limited.
Table 6.5.1 contains data returned from Viridis Chem, Inc. Useful toxicology data
includes partition coefficient (LogP), which is a ratio of concentrations of a compound
distributed between two immiscible phases, in this case, 1-octanol and water. A log p greater
than one implies that the compound is more soluble in the organic phase. LC50, is the lethal
concentration of the compound required to kill 50% of the population of a given species.
Common water fleas were the tested animal model. Bioaccumulation factor (BAF) is the amount
of a chemical substance that amass faster than can be metabolized or excreted. Bioconcentration
factor(BCF) generally applies to uptake in aquatic organisms to uptake directly from water
across the gills. Biotransfer factor(BTF), is listed in terms of days and is a measure of
accumulation from food and water by land animals. KP, is calculated in cm/hr and is a measure
of how long the chemical compound takes to traverse the skin. Water solubility is listed in mg
per liter.
Although the software has interesting features, such as the ability to perform a side by
side comparison of selected compounds in tabulated form for direct comparisons. The software
can be an excellent source of physical data that may be challenging to find. The program also
has built in structure drawing capability. And can take a variety of structural input files, such as
SMILES, CAS number and name for search parameters. However, the software is a work in
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progress, as the chemical database needs to be more comprehensive in order to encompass a
larger understanding of toxicological data.

Table 6.5.1 Toxicology data

Compound
4,5-diphenyldihydrofuran-2-one
4-(4-bromophenyl)-5-phenyldihydrofuran-2one
5-(4-bromophenyl)-4-(4methoxyphenyl)dihydrofuran-2-one
4-(4-methoxyphenyl)-5-phenyldihydrofuran-2one
5-(4-chlorophenyl)-4-phenyldihydrofuran-2one
(4S,5S)-5-(4-chlorophenyl)-4phenyldihydrofuran-2-one
5-(4-chlorophenyl)-4-(4methoxyphenyl)dihydrofuran-2-one

LC50
Air
Rule of 5 Log P (mg/L)

LC50 Water LC50 Soil
(mg/L)
(mg/L)
LD50

TRUE

2.71 0

23.531

0

NA

BCF
BTF
KP
WS
(L/kg) (days) (cm/hr) (mg/L)
7.34E4.0184 29
NA
05
132.3

TRUE

3.6

8.604

0

NA

19.9556 NA

0.006

0.00645 8.156

TRUE

3.68 NA

NA

NA

NA

NA

125.2

0.01

0

4.6

TRUE

3.58 NA

5.51

NA

NA

NA

107.1

0.01

0.01

16.33

TRUE

3.89 NA

3.01

NA

NA

NA

172.5

0.01

0.02

8.32

TRUE

3.36 NA

8.71

NA

NA

NA

76.22

0

0.01

23.94

TRUE

3.44 NA

8.24

NA

NA

NA

86.19

0

0.01

13.7

NA

BAF
(L/kg)

Log P, which is a ratio of concentrations of a compound distributed between two immiscible phases. LC50, is the lethal concentration of the
compound required to kill 50% of the population of a given species. BAF, is the amount of a chemical substance that amass faster than can be
metabolized or excreted. BCF generally applies to uptake in aquatic organisms to uptake directly from water across the gills. BTF is listed in
terms of days and is a measure of accumulation from food and water by land animals. KP, is a measure of how long the chemical compound
takes to traverse the skin
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Potential Pathways to Increase Yield(s)
Yields produced in this work are lower than what is reported in the literature. Leong et al
list isolated yields as high as 81% with dr ratios up to 5:1. Under reaction conditions of, 5 molar
percent for the NHC catalyst loading, 2.0 equivalence of potassium carbonate (K2CO3) as a base
and 2:1 ratio of starting aldehydes. The reaction is reported as have been run on the millimolar
scale.6 As opposed to, 20 molar percent for both catalyst and base loadings.
Leong et al reports non-organic bases work the best in this reaction.6 Using Cs2CO3 in a
20% solution with iPR resulted in yields close to literature values, however distereomeric ratios
where routinely 1:1. Since the scale of the reaction is constant, more closely matching the
catalyst and base ratios may result in higher isolated yields, in part because there would be less
unreacted material remaining at the end of the reaction. DBU is the base of choice in traditional
solvents,7 and is the one that was used primarily during the synthesis work. Inorganic bases may
have help improve the synthetic work.
It is also prudent to note that some literature sources suggest that the more electron poor
the α, β unsaturated reaction partner is the more efficient the turnover rate.3 Yields of up to 99%
and 93% “ee” have been reported, and 20:1 dr ratio when utilizing cooperative Bronsted acids
catalysts and inactivated imines.5 However, these reactions were carried out in THF and
alcohols.3,5
It would have been interesting to fine tune the reaction conditions by run competing
experiments between organic bases and DBU. Once the reaction was optimized, further
investigation into the substrate scope would expand the understanding of the reaction.
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A few of these ideas where considered during the synthesis, however working on a
limited budget with minimal resources presents unique challenges to overcome.
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CHAPTER 7
SUMMARY
Conclusion
Indeed N-heterocyclic carbenes have shown to be very versatile as organic catalysts.
They cover the reaction range from biological systems to synthetic research. They can act alone
to catalyze chemical transformations or they can chelate with metal ions to form complex NHCmetal systems,1 where they catalyze carbon-carbon coupling or oxidation and reduction
reactions. NHCs play intricate roles in a variety of reactions spanning nucleophilic acylation
reactions, such as the role thiamine plays in living systems, to forming aliphatic carbonyl
compounds, or participate in ring annulations, all this was done by a relatively simple
mechanism based mostly on Benzoin or Stetter reaction conditions.1-12
NHC-metal complexes are perhaps one of the most widely understood and utilized,
spanning the range of transition metals. NHC-Pd systems are present in Suzuki–Miyaura crosscoupling reactions forming sophisticated aromatic compounds. Ruthenium based structures are
employed in olefin metathesis reactions acting as Grubs-type catalyst.2 Given the scarcity and
rising cost of platinum group metals, Ni-based chelated centers offer a particular choice where
cost and resource management are a concern. Recent work with NHC-Ni catalysts has led to
numerous transformations including dehydrogenative cross-coupling of aldehydes and amines or
alcohols.3 A strong σ-donating character with π-accepting traits benefits NHCs as attractive
binders for late transition metals such as gold.1,4 NHCs show promise with Au-nanoparticles
where they form self-assembled aggregate structures along with dimeric and trimeric NHCstructures, while maintaining mobility.4
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NHCs have replaced more traditional phosphine catalyst, mainly because they tend to be more
electron-donating than their phosphine counterparts. This has led to thermodynamically stronger
metal–ligand bonds which is reflected in higher bond dissociation energies and shorter metal–
ligand bond lengths compared to phosphine based ligands.1
Carbene catalysts functionalize reactions with various solvents, more traditional solvents
used in the joining of a homoenolate ion to Michael acceptor include THF, DCM and alcohols.
More contemporary research focuses on the potential for reducing the use of organic based
solvents, this work has led to modifying reactions to work with biphasic systems, water only and
in some cases no solvents at all.5-8
NHCs have exploded in their flexibility over the past fifteen to twenty years. Given the
usefulness and adaptability of NHCs, there utilization seems only likely to grow. As the library
of NHCs grow, their role should increase for various types of research. Chemical manufacturing
and pharmaceutical production stand to benefit greatly if reactions can be scaled up to industrial
levels.1-8
The research presented here has the potential to lead to new discoveries. Further
investigation would encompass the use of NHCs with nanoparticles. Besides gold what other
nano-material would NHCs bind with? Do they maintain their mobility and thermal stability?
This has great benefit to the fields of sensing, surface protection and microelectronics.
The Stetter reaction has been utilized in various steps of pharmaceutical and natural
product synthesis. Such as in the production of Lipitor and (+/-)-trans-sabinene hydrate.9,10 With
the ability to catalyzed various functional groups what other structural motifs maybe
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synthesized? More work is needed by academia and industry to further explorer the use of
carbene catalyst in drug and natural product synthesis.
Computational work has largely been limited, more work is need to fully understand the
formation of the Breslow intermediate. Modeling can be conducted during the reaction to
improve the understanding of intermediate formation, the kinetic aspects of both the reaction and
product formation together with stereo-controlling steps. The use of cooperative catalysis such
as Lewis acids have shown to lower energy barriers, what is the range of cooperation with Lewis
acids? Which NHCs stand to benefit from the use of Lewis acids?11,12
After combining the approaches outlined in this work, clearly a multidiscipline
methodology is required to fully investigate the complete potential of N-heterocyclic carbenes.
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